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Ultranarrow homogeneous linewidth of a Z3 exciton in CuCl quantum dots was studied by using accumu-
lated photon echo. CuCl quantum dots embedded in two kinds of matrices, namely, an alminoborosilicate glass
and a NaCl crystal, were studied. The narrowest homogeneous linewidth at low temperature was 1 meV. The
temperature dependence of the homogeneous linewidth was similar, above 5 K for both kinds of samples, but
in the lower-temperature region, a remarkable difference was observed between them. It indicates that the
matrix definitely affects the dephasing process of a confined exciton in quantum dots at low temperatures. The
observed temperature dependence was explained by the contribution of the confined phonon in quantum dots
and the two-level system in the matrix.Recently, semiconductor quantum dots have received
considerable attention because of their unique optical prop-
erties and their possibility in optical device applications. In
quantum dots, atomiclike discrete energy levels of the elec-
tronic states are expected by the three-dimensional confine-
ment of the electronic wave functions.1 The linewidth of the
transitions between these quantized levels is not zero, but is
finite, reflecting their broadening mechanisms. As possible
broadening mechanisms of quantum dots, lifetime broaden-
ing, defect or impurity scattering, surface scattering, phonon
scattering, and carrier-carrier scattering can be considered.
The full linewidth at the half maximum ~FWHM! of the
homogeneous spectrum, Gh , is proportional to the inverse of
the dephasing time (T2), which is the sum of the dephasing
rates of these mechanisms of the related energy levels, as
Gh52\/T2. Roughly speaking, the above-stated mechanisms
are intrinsic to the quantum dots. In other words, they are
also applicable to quantum dots floated in vacuum. However,
most of the quantum dots are not free-standing, but are sur-
rounded by matrices of larger band-gap energy, such as
quantum dots embedded in a glass matrix. These circum-
stances give some complexity to the quantum dots. As a
result, matrix or surface related interesting phenomena
such as persistent spectral hole burning ~PSHB!,2 photo-
darkening,3 and fluorescence intermittency4 are observed in
quantum dots. In this way, the physics of quantum dots being
inseparable from the influence of the matrix, it is likely that
the matrix affects the homogeneous linewidth of quantum
dots. In fact, an atom ~ion! embedded in host crystals as an
impurity is well known to show broader linewidth because of
the perturbation of the host crystal, and its broadening
mechanisms have been studied extensively. However, quan-
tum dots—they are often referred to as artificial atoms—to
our knowledge, have never been studied in this direction. In
this paper, the homogeneous linewidth is measured experi-
mentally by using CuCl quantum dots as a sample where the
linewidth in the bulk material is well studied,5–7 and its
broadening mechanism is discussed by paying attention to
the influence of the matrix.
Many quantum dot systems show inhomogeneous broad-
ening because of the size and environment distribution of thePRB 610163-1829/2000/61~19!/12662~4!/$15.00dots. To measure the homogeneous spectrum buried in the
inhomogeneously broadened spectrum, site-selective excita-
tion techniques8,9 or single quantum dot spectroscopy10,11 has
been applied. In consequence, the homogeneous linewidth of
many quantum dot systems was found to be very sharp
~<0.1 meV!. Therefore, it seems to be difficult to evaluate
the homogeneous width correctly by using a grating spec-
trometer, whose spectral resolution is typically about 0.1
meV. On the other hand, time domain measurements such as
photon echo are useful in this case. In the present work, we
measured the dephasing time of a Z3 exciton confined in
CuCl quantum dots ~QD’s! by using heterodyne-detected ac-
cumulated photon echo method.12 By applying this tech-
nique, very low input power can be used to avoid the input-
power-dependent broadening, and there is no limit on the
spectral resolution, since a sharp linewidth corresponds to a
long dephasing time. Very recently, there were two reports
on the measurement of the dephasing time of CuCl
QD’s.13,14 However, as the dephasing mechanism was not
understood, we considered that more elaborate experimental
work toward lower temperatures including a change of the
matrix was necessary for its understanding.
Experimental setup is almost the same as was used in Ref.
12. The light source was a picosecond mode-locked Ti:sap-
phire laser, whose typical pulse width and repetition rate
were 2 ps and 82 MHz, respectively. We used two kind of
samples, namely, CuCl quantum dots embedded in a NaCl
crystal and CuCl quantum dots in alminoborosilicate glass,
referred to as CuCl/NaCl and CuCl/glass, respectively, in the
following. Three types of cryostats were used depending on
the temperature range: a 4He continuous flow cryostat (T
>2 K), a liquid- 4He immersion cryostat (1.5 K<T<2 K),
and a 3He cryostat whose temperature is monitored by a
calibrated RuO2 thermometer (T<1.5 K).
Absorption spectra of the samples at 2 K are shown at the
upper part of Fig. 1 by solid lines. The lowest Z3-exciton
absorption band is shifted toward the higher-energy side
from the bulk value ~3.202 eV! due to the quantum size
effect. The average radius of the spherical CuCl QD’s in
glass is estimated to be 2.0 nm from the peak position of the12 662 ©2000 The American Physical Society
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sorption region of CuCl/NaCl can be explained by the step-
like increase of the size of cubic shape QD’s.15,16 Examples
of the accumulated photon echo signal of CuCl quantum dots
are shown at the lower part of Fig. 1 for three temperatures.
The photon energy and the excitation density were 3.23 eV
and 100 pJ/cm2. In the heterodyne-detection scheme, the
dephasing time is obtained as twice the echo decay time (t).
Then the homogeneous width is given by Gh5\/t . At low
temperatures, the echo signal often showed double exponen-
tial decay. In this case, T2 was obtained from the slower
decay component. The fast component whose decay time is
10–30 ps is most probably caused by a phonon sideband, and
does not correspond to the broadening of the zero-phonon
line. The first point to notice is that the homogeneous line-
width obtained in our experiment is extremely sharp. At the
upper part of Fig. 1 and its insets, the PSHB spectrum of
CuCl/glass is shown by a solid line. The homogeneous line-
width is evaluated from half of the FWHM of the spectral
hole. It is known that the Fourier cosine transformation of
the heterodyne-detected accumulated photon echo signal
gives the PSHB spectrum.17 The Fourier transformed curve
of the echo data at 2 K is represented in the inset by a fine
solid line. We can see that the echo signal gives a much
sharper linewidth than the directly measured PSHB line. An-
FIG. 1. Upper: Absorption spectra of CuCl quantum dots at 2 K,
~a! CuCl/glass and ~b! CuCl/NaCl. In the insets, a solid curve shows
the PSHB spectrum of CuCl/glass at 2 K with expanded scale. The
very sharp Lorentzian curve drawn by a thin line represents the
Fourier transform of the echo decay curve. Lower: Temperature-
dependent echo signal of CuCl quantum dots measured by the
heterodyne-detected accumulated photon echo. The solid circles
and the open circles correspond to data for CuCl/glass and
CuCl/NaCl, respectively. The signals were similar at 10 K between
the two samples, but obvious differences were observed at 2 K.
Solid lines represent double exponential decay ~single exponential
decay for 10 K data!. The decay time constants of the slow com-
ponent were 310 ps, 117 ps, 65 ps, 55 ps, 9.5 ps, and 9.5 ps from
top to bottom.other important point is that the echo signal is different for
the two samples at low temperature. At 10 K, the two signals
are almost the same, but the difference becomes clear with
the decrease in temperature. At 2 K, the echo signal of
CuCl/NaCl shows more than twice longer decay time than
that of CuCl/glass.
Homogeneous linewidth obtained from these data are
plotted in Fig. 2 as a function of temperature. In this figure,
solid ~open! circles represent the homogeneous width of
CuCl/glass ~CuCl/NaCl!. In comparison to previous works in
the spectral domain,8,9,18,19 our data give a very small homo-
geneous width at low temperatures as mentioned before. For
example, the linewidth of CuCl quantum dots embedded in a
NaCl crystal measured by PSHB was 70 meV at 2 K,19
which gave the narrowest homogeneous width of the Z3 ex-
citon of CuCl quantum dots so far. However, it is found to be
2 meV in our measurement, which is smaller by an order of
magnitude. In the PSHB case, the spectral resolution of the
spectrometer is comparable to the homogeneous width. Fur-
thermore, the spectral diffusion occurring in the long interval
from the hole-burning process to the absorption measure-
ment may affect the experimental results. So we believe that
we have reliably measured homogeneous width by accumu-
lated photon echo method, though there remains a problem
that possible spectral diffusion during the accumulation pro-
cess ~several seconds! may broaden the homogeneous spec-
trum. Observed homogeneous width reached 1 meV at low
temperature. This is the smallest homogeneous width of a
quantum dot system to our knowledge. The value is narrower
than the homogeneous width of excitonic polaritons in the
bulk crystal by an order of magnitude.6,7 This extreme nar-
rowing of the homogeneous width of confined excitons in
quantum dots is considered to come from the spatial confine-
ment of the exciton wave function and that of the acoustic
phonons in quantum dots.
The temperature dependence of the homogeneous width
of both samples were similar above 5 K, but we can see an
obvious difference between them below this temperature.
FIG. 2. Solid circles represent the homogeneous width of the Z3
exciton of CuCl/glass as a function of temperature. Open circles
show the homogeneous width of CuCl/NaCl. Above 5 K, the tem-
perature dependence of the two samples are similar, while a re-
markable difference can be seen below 5 K. Long-dashed and short-
dashed curves represent the temperature-dependent TLS
contribution of CuCl/glass and CuCl/NaCl, respectively.
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crease rapidly below 5 K and approaches a lower limit. On
the other hand, the homogeneous width of the CuCl/glass
changes its slope at 5 K and shows almost linear temperature
dependence in the low-temperature region. Similar behavior
of CuCl/glass that we recognize also in the data of Ref. 13
~the authors did not discuss it! provides us with an indepen-
dent check for our data for CuCl/glass. Then we have tested
many CuCl/NaCl samples to confirm that the difference of
the temperature dependence at low temperatures was not a
sample-dependent effect, but an essential and intrinsic one. It
indicates that the matrix surely affects the dephasing rate of
the exciton confined in quantum dots in the low-temperature
region.
Let us discuss the origin of the temperature-dependent
homogeneous broadening of confined excitons. As one
mechanism that determines the homogeneous broadening at
high temperature, interaction of the confined exciton and the
confined phonon in quantum dots is appropriate. LO-phonon
scattering is not important in the temperature range, but in-
creases rapidly above 50 K.19 A confined acoustic phonon is
experimentally observed for CuCl quantum dots by PSHB.20
For our sample, as seen in the inset of Fig. 1, a sideband due
to the confined acoustic phonon marked by a solid circle was
clearly observed, which was separated from the zero-phonon
line by 1.6 meV. For the high-temperature region, experi-
mental data for both samples having NaCl and glass matrix
can be fitted by assuming that the homogeneous width is
determined by a two-phonon Raman process where absorp-
tion and emission of a phonon simultaneously occur and
whose probability is proportional to n(n11), where n rep-
resents the occupation number of the confined acoustic pho-
non. Then the temperature dependence of the homogeneous
broadening is given by Gh(T)}sinh22(\v/2kT), where \v
is the energy of the lowest confined phonon mode. A dot-
dashed line in Fig. 2 shows the contribution of the confined
acoustic phonon for CuCl/glass.
Obviously, one cannot explain the observed matrix-
dependent temperature dependence in a low-temperature re-
gion by this phonon mode. We should consider another con-
tribution that is related to the matrix of the quantum dots.
One possible dephasing process is coupling to a two-level
system ~TLS! ~Ref. 21! which had been used to explain the
anomalous temperature dependence of the homogeneous
linewidth of impurity atoms in a glass matrix or dye mol-
ecules in a polymer. The basic concept of TLS is that there
are double potential well systems in glass where quantum-
mechanical tunneling can occur. Temperature-dependent line
broadening by the interaction with TLS is expressed in the
form of cosh22(\v/2kT), here \v is the characteristic energy
of TLS. The randomness in glass is considered to make the
energy of the TLS distributed over a wide range. Therefore,
broadening due to TLS is often approximated as Ta
~1,a,2!.21 We can reproduce the experimental data for
CuCl/glass by the sum of the contributions from the confined
acoustic phonon and the T-linear TLS processes as shown in
Fig. 2 by a solid line on the open circles. On the other hand,
the experimental data for CuCl/NaCl can be well reproduced
if the energy of TLS—they exist not only in glassy systems
but also in crystals22—is concentrated on a characteristic en-
ergy \v8. Then the contribution of TLS is directly propor-tional to cosh22(\v8/kT). Finally, the temperature depen-
dence of the homogeneous width of CuCl/NaCl is
represented by
A sinh22~\v/2kT !1B cosh22~\v8/2kT !1G0 .
A solid curve on the open circles in Fig. 2 shows this tem-
perature dependence in the case of \v851 meV. The fitting
by the TLS model agrees well with the experimental results
for both CuCl/glass and CuCl/NaCl. These satisfactory re-
sults lead to the conclusion that the matrix makes a differ-
ence in the temperature dependence of the homogeneous
width of excitons in quantum dots through the difference of
the energy distribution of TLS.
It is important to compare T2 at the low-temperature limit
and the longitudinal relaxation time T1. If the pure dephas-
ing, which does not involve population relaxation of exci-
tons, disappears at low temperature, the transverse relaxation
rate should equal half the longitudinal relaxation rate. Ex-
perimentally, T1 was obtained by the luminescence decay
time at very low excitation power. The luminescence showed
single-exponential decay with a decay time of 3.56 ns for
CuCl/NaCl. The excitation density was the same as that in
the photon echo measurements. In CuCl/glass, on the other
hand, the luminescence lifetime was 600 ps. The natural
widths corresponding to these T1 are 0.19 meV ~CuCl/NaCl!
and 1.1 meV ~CuCl/glass!, respectively. The observed lower
limit of the homogeneous width of CuCl/glass is 2 meV at
0.7 K, almost the same as the natural width. On the other
hand, the lowest value of the homogeneous width of the
CuCl/NaCl is 1 meV, which is five times larger than the
natural width. Therefore, another low-energy dephasing
mechanism may exist in the CuCl/NaCl. The origin of this
process is not clear, but absence of temperature dependence
indicates that it is impurity or surface scattering. For
CuCl/glass, this unknown mechanism is hidden by the fast
longitudinal relaxation rate due to nonradiative population
relaxation. Luminescence decay of CuCl/glass did not
change in the temperature range of this study. Therefore, it is
sure that the linear temperature dependence of the homoge-
neous width is not due to the change of T1. At the low-
temperature limit, the confined acoustic phonon and the TLS
are frozen because of their finite energy and do not contrib-
ute the dephasing of confined exitons in CuCl quantum dots.
The remaining dephasing processes are impurity or surface
scattering and/or nonradiative relaxation that are also less
efficient in the quantum dots than the bulk crystal, because
excitons ideally confined in a small space have less probabil-
ity to interact with impurities and surface than excitonic po-
lariton propagating in the bulk crystal.
In conclusion, the temperature-dependent homogeneous
linewidth of excitons confined in CuCl quantum dots embed-
ded in a alminoborosilicate glass and in a NaCl crystal were
investigated by the heterodyne-detected accumulated photon
echo technique. Under very weak excitation condition and at
low temperatures, the photon echo signal shows a long decay
time corresponding to a very sharp linewidth. Especially, at
1 K, the exciton linewidth of CuCl/NaCl was 1 meV, which
is the smallest reported value of the linewidth of quantum
dots and much narrower than that of the bulk crystal. Above
5 K, broadening of the homogeneous linewidth is explained
PRB 61 12 665BRIEF REPORTSby the scattering by the confined phonon. The temperature
dependence of the homogeneous width was different be-
tween CuCl/NaCl and CuCl/glass in the low-temperature re-
gion below 5 K. The different temperature dependence is
related to the difference of the energy distribution of TLS
that determines the line broadening below 5 K.
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